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ABSTRACT 

ATOMIC SPECTROSCOPY WITH THE SHOCK TUBE* 

T. Wilkerson, D. Koopman, M. Miller ,  R. Bengtson, and G. Charat is ,  
I n s t i t u t e  f o r  F lu id  Dynamics and Applied Mathematics, Universi ty  of  
Maryland. College Park, Maryland. U.S.A. 

T rans i t i on  p r o b a b i l i t i e s  fo r  l i n e s  of l i g h t  atoms and ions  are 

measured wi th  a gas-driven shock tube i n  t h e  temperature range 9000- 

13000'K. A complete "case study" is  given f o r  a set of experiments 

on one element, including recent developments in circumventing t h e  

s e n s i t i v e  dependence of l e v e l  populations on temperature. The shock 

tube and observing Instruments are described: Preseure t ransducers ,  

p h e t o e l e c t r i c  and photographic spectrographs are t h e  main instruments;  

a u x i l l i a r y  equipment inc ludes  f l a s h  lamps and arcs f o r  absorpt ion d a t a  

and ca l ib ra t ion .  The many elements of interest are introduced i n  

gaseous a d d i t i v e s  t o  t h e  c a r r i e r  gas  which is  usua l ly  neon. Computer 

programs provide two things:  mainly t h e  d e t a i l s  of ion iza t ion-  

e x c i t a t i o n  e q u i l i b r i a  based on measured temperatures and pressures ,  

a l s o  compariron of t hese  measurements wi th  Rankine-Hugoniot theory. 

Given a s p e c t r a l  l i n e  i n t e n s i t y ,  t h e  assoc ia ted  t r a n s i t i o n  p robab i l i t y  

is determined from t h e  measured thermal q u a n t i t i e s ,  no t  from t h e  theory 

of shock heating. Redundant temperature measurements g r e a t l y  reduce 

* 
Research supported by NASA gran t  NsG-359 (Astronomy program, 

Of f i ce  of Space Science and Applications).  



the random and systematic errors which ordinarily attend t h i s  type 

of experiment. 

v io ib le  l i n e s  of neutral carbon. 

w i l l  also b e  preeented and discussed. 

Preliminary results of such a program are given for 

Spectra of other l i ght  elements 
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1. Int roduct ion  

Our t i t l e  could apply t o  a wide v a r i e t y  of experiments. The 

breadth of t h e  f i e l d  of shock tube spectroscopy is a t t e s t e d  t o  by 

t h e  many o t h e r  papers on t h i s  subjec t  given a t  t h i s  Symposium. 

S p e c i f i c a l l y  I want t o  d i scuss  t h e  r o l e  of t h e  shock tube  i n  an 

important spectroscopic  program: 

abso lu te  l i n e  s t r eng ths  f o r  a t o m i c  spec ies ,  t h e  term "strength" 

s tanding  f o r  a number of common terms ( o s c i l l a t o r  s t r eng th ,  gf-value, 

t r a n s i t i o n  p robab i l i t y ,  ihergangswahrscheinlichkeit) . 
much of what w i l l  be  s a i d  w i l l  a l s o  apply, though some assumptions 

end observa t iona l  problems a r e  d i f f e r e n t .  The temperature of t h e  gas 

w i l l  b e  s ing led  ou t  f o r  spec ia l  a t t e n t i o n ,  s i n c e  i t s  va lue  is c r u c i a l  

in t h e  i n t e r p r e t a t i o n  of measured l ine i n t e n s i t i e s .  

then, w e  are d iscuss ing  t h e  data from a l l  l i g h t  sources  which de r ive  

t h e i r  atomic e x c i t a t i o n  from a hot  gas. 

t h e  determinat ion of r e l a t i v e  and 

As f o r  molecules, 

To t h i s  ex ten t  

By t h e  term "shock tube" w e  w i l l  u sua l ly  mean t h e  c l a s s i c a l ,  gas- 

dr iven  type y i e ld ing  temperatures up t o  15,000'K; tubes  dr iven by 

detonat ions  o r  pulsed arcs w i l l  n o t  need a sepa ra t e  t reatment  here,  

s i n c e  w e  w i l l  focus on thermal and r a d i a t i v e  p r o p e r t i e s  which are 

independent of hea t ing  mechanisms. 

about t h e  kind of shock tube spectroscopy w e  are doing. 

L e t  m e  begin wi th  a few quest ions 
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A. Why measure r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  between 

the var ious  e l e c t r o n i c  states of atomic systems, p a r t i c u l a r l y  j u s t  

f o r  t h e  o p t i c a l  levels? 

r e l i a b l e  va lues  f o r  t h e  purpose of plasma state measurements, 

p a r t i c u l a r l y  f o r  element abundances I n  stellar atmospheres 

temperature measurements i n  hot gases  general ly .  

osci l la tor  s t r e n g t h s  are usual ly  no t  adequate f o r  observed tran- 

s i t i o n s .  

g r e a t l y  needed f o r  abundances, f o r  t h e  e l imina t ion  and i d e n t i f i c a t i o n  

of l i n e s  i n  c l o s e l y  spaced spec t r a ,  and f o r  measuring plasma temper- 

a t u r e s  and electron d e n s i t i e s  f r o m  emission and absorp t ion  spectra .  

Our iterest i s  mainly i n  e s t a b l i s h i n g  

and 

Calculated 

Measured values ,  o f  known prec i s ion  and accuracy, are 

Bo What makes t h e  ohock tube of i n t e r e s t  i n  such a program? 

The shock tube belongs t o  a family of l i g h t  sources  one might c a l l  

"thermal"; i.e,, sources  i n  which t h e  populat ions of atomic and 

molecular levels and t h e  degrees of  i o n i z a t i o n  and d i s s o c i a t i o n  follow 

from t h e  t m p e r a t u r e ,  dens i ty  mid c m p o s f t i o n  =f t h e  plasma 

thermodynamic r e l a t i o n s .  

regimes where t h i s  is not  c t r i c t l y  t r u e ,  but  tests are a v a i l a b l e  f o r  

determining t h e  extent of  adherence t o  local thermal equilibrium.) 

Moreover t h e  gas-driven shock tube, f o r  example, opens up whole ranges 

o f  phys ica l  v a r i a b l e s  which a r e  not so r e a d i l y  accees ib l e  wi th  o t h e r  

thermal sources.  The shock tubes wi th  which w e  have been working 

e s t a b l i s h  plasma having a volume of about 1 l i te r ,  c h a r a c t e r i s t i c  

transverse dimension 10  cm, temperatures 9000' - 13000°K, and t o t a l  

p a r t i c l e  d e n s i t i e s  3 t o  8 x 1 0  

condi t ions  t o  another  are eas i ly  made by ad jus t ing  i n i t i a l  p ressures  

(Most thermal sources  can be pushed i n t o  

18 per  CC. Changes from one set of  



o r  gas  compositions. 

many elements are generated,  under condi t ions  of known abundance, 

Very r i c h  emission and absorpt ion spectra of 

by inc lus ion  of appropr ia te  gases i n  t h e  i n i t i a l  gas mixture (2) 

C. What is  t h e  genera l  method by which a thermal l i g h t  source 

is used f o r  l i n e  s t r e n g t h  measurements, and what o the r  methods are 

ava i l ab le?  

emission o r  absorpt ion l i n e s  of known i n t e n s i t y  under presumably 

known condi t ions of dens i ty  and temperature. 

f o r  spontaneous emission (or  t h e  absorpt ion o s c i l l a t o r  s t r eng th )  f o r  

any reso lvable  l i n e  i s  then found by d iv id ing  t h e  l i n e  i n t e n s i t y  ( i n  

appropr ia te  units) by t h e  number of atoms in t he  appropr ia te  l eve l .  

The "hook method" of displaying anomalous d i e p e r s i ~ n ( ~ )  is a l s o  used 

wi th  thermal sources,  again making use of presumably known l e v e l  

population. 

Most thermal l i g h t  sources ,  shock tubes included, provide 

The Eins te in  c o e f f i c i e n t  

A q u i t e  d i f f e r e n t  s o r t  of method is  t h a t  of observing t h e  

s ta t i s t ica l  r e d i a t i v e  

molecules, following a s h o r t  period of e x c i t a t i o n  by photons o r  e lec t rons .  

This and r e l a t e d  k i n e t i c  methods(5) are very powerful f o r  some tran-  

s i t i o n s ,  while  level-cascading and c o l l i s i o n a l  e f f e c t s  make f o r  q u i t e  

imprecise results f o r  many l ines .  

does not  s u f f e r  from t h i s  d i f f i c u l t y ,  bu t  is sensitive t o  temperature 

e r r o r s  i n  ways w e  w i l l  f u r t h e r  explore  below. 

t h a t  t h e  thermal and non-thermal l i g h t  source methods w i l l  be  required 

t o  complement each o t h e r  f o r  some years  t o  come, i n  order  t o  f ind  

acceptably accura te  l i n e  s t r eng ths  f o r  use  wi th  labora tory  and a s t ro -  

physical  plasmas. 

of l a r g e  c w b e r s  cf exc i t ed  atnm o r  

A thermal l i g h t  source by d e f i n i t i o n  

It now seems very l i k e l y  
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I n  sec t ions  t o  follow, w e  w i l l  f i r s t  b r i e f l y  descr ibe  our  

atomic spectroscopy experiments with t h e  shock tube, which now 

concent ra te  l a r g e l y  on t h e  l i g h t e r  elements. 

up t o  d a t e  an o l d e r  and p e r s i s t e n t  problem with t h e  spectrum of 

n e u t r a l  chromium, which seems now t o  have been resolved i n  one 

important respec t  while remaining open i n  another. 

relative of gf-value scale f o r  C r  I based on shock tube and arc 

Then w e  w i l l  bring 

The improved 

meaeurements is discussed i n  terms of propagating temperature e r r o r s ,  

p a r t l y  i n  o rde r  t o  l eave  a l a r g e  "caution" s i g n  fo r  c e r t a i n  types of 

temperature determination. 

requi red  f o r  t h e  l i g h t e r  elements, whose e x c i t a t i o n  p o t e n t i a l s  are 

gene ra l ly  much higher than f o r  t h e  metals, w e  w i l l  observe t h e  

accumulation of l a r g e  oyetematic e r r o r s  due again t o  t h e  Boltzmann 

f a c t o r  i n  level population, 

whereby t h e  troublesome systematic e r r o r s  in o s c i l l a t o r  s t r eng th  

determinat ions can be  reduced t o  t h e  l e v e l  of random e r ro r s .  

2. Experimental Regime 

Going then t o  t h e  higher  temperatures 

F ina l ly  w e  w i l l  d i s cuss  a genera l  method 

Figure 1 is a schematic of ou r  shock tube arrangement. 

o p t i c a l  instruments  view t h e  gas nea r  t h e  end wall of t h e  3 in.  x 4 i n .  

tube,  where quar tz  pressure  t ransducers  are a l s o  located.  

shock phenomena t r i g g e r  pho toe lec t r i c  recording of events  behind t h e  

r e f l e c t e d  shock wave, and emission s p e c t r a  are recorded on moving film 

i n  t h e  f /6 ,3  spectrograph. 

wave-length bands i n  t h e  monochromator and six s e p a r a t e  bands i n  the 

B 6 L spectrograph; a l l  wavebands are roughly 1 1 wide by v i r t u e  of 

Several  

Incident  

Photomult ipl iers  record twelve c lose ly  spaced 
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g l a s s  "cover s l i d e "  o p t i c a l  elements") used i n  t h e  image planes. 

Typical ly ,  absolu te  i n t e n s i t i e s  f o r  c e r t a i n  neon, carbon, and hydrogen 

l i n e s  are recorded i n  t h e  B & L wi th  sideband d e t e c t o r s  f o r  sub t r ac t ion  

of background continuum. This instrument a l s o  observes l i n e  r eve r sa l  

when t h e  f l a s h  l e r n ~ ' ~ )  is t r iggered;  a l i n e  of moderately high o p t i c a l  

depth,  such as t h e  B a l m e r  l i n e  Ha , is  used f o r  t h i s  purpose. 

p r o f i l e s  of t h e  H line are recorded i n  t h e  12-channel instrument,  i n  

o rde r  t o  determine e l ec t ron  densi ty  ( 2 t o  6 x 10 /cc)  from half-  

width ( % 25 - 40 &, Absolute and r e l a t i v e  l ine i n t e n s i t i e s  over 

S ta rk  

8 
16 

0 

1000 A i n t e r v a l s  are determined from spectrograph f i lms  which are 

c a r e f u l l y  c a l i b r a t e d  wi th  graduated i n t e n s i t i e s  and a carbon arc 

r a d i a t i o n  s tandard,  

The shock tube  is dr iven  by H2 a t  pressures  of 1000 - 2000 pounds 

The low pressure of "test" gas is nea r ly  always neon 

1 cm Hg) with  about 1% spect roscopic  a d d i t i v e  ( C H 4 ,  CS2, PH3, 

p e r  square inch. 

% 
( Po 

SiH4, CC14, Xe,  Ur, e tc , ) .  

i n  Figure 2 wi th  time running downward and wavelength increasing t o  t h e  

A t y p i c a l  film in the blue-green is reproduced 

l e f t .  The earliest segment of cons tan t  appearance is due t o  emission 

from behind t h e  f i r s t  r e f l ec t ed  shock, where t h e  temperature is  roughly 

11,500°K (1 e V ) ;  later m i s s i o n  i s  due t o  m u l t i p l e  wave i n t e r a c t i o n s  

and erratic quenching by cold,  expanded d r i v e r  gas  i n  t h e  shock tube. 

From t h i s  type of d a t a  f i lm,  t h e  i n t eg ra t ed  i n t e n s i t i e s  of neon, carbon, 

hydrogen and sulphur  l i n e s  a r e  compared and t h e  gf-values for many 

l i n e s  ca l cu la t ed  from knowledge of  t h e  gas  condi t ions.  

wi th  these  l i g h t e r  elements is discussed i n  Sec t ion  4, and pas t  and 

Present  work 
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present  work with m e t a l l i c  elements i n  t h e  vapor phase i n  t h e  shock 

tube  is  discussed i n  Sect ion 3. 

in neon even at  l e v e l s  of 1/10% l e a d s  t o  f i lms  l i k e  Figure 2 except 

t h a t  they are dominated by s t rong l i n e s  of n e u t r a l  and s ing ly  ionized 

chromium 

For t h e  l a t te r ,  f o r  example, C r  (CO)6 

(8) 

3. Relative Line S t rengths ,  Temperature Measurement and Propagation 
of Temperature Errors  

S e t s  of r e l a t i v e  l i n e  s t r eng ths  f o r  var ious  elements are extremely 

u s e f u l  f o r  t h e  measurement of  p lasma temperature. 

s p e c t r a l  l i n e s  of a given elemeht, one needs t o  know t h e  gf-value only 

f o r  a subset  of l i n e s  a r i s i n g  from a range of  upper l e v e l  energies.  

The absolu te  gf-value scale izi n o t  needed f o r  t h i s  kind of temperature 

measurement; t h e  wider t h e  range of l e v e l  energ ies  and t h e  more uniform 

t h e  p rec i s ion  of gf-values, the  b e t t e r ,  The in t eg ra t ed  i n t e n s i t y  of 

an o p t i c a l l y  t h i n  l i n e  (lo) 

leve l  j) is given by 

Out of a l l  t h e  

(12) (upper level  i, energy E i ;  lower 

2 2  n 

a g4 
- g f hut  2ne v 

J j i  
I = n,A,, hvll - - 

L mcd 

2 = 2nhe Rn . 
mZ 
- 

where v and A are frequency 

A 3  

and wavelength of 

dens i ty  and gk t h e  degeneracy of atoms i n  the 

, 

t h e  l i n e ,  nk is t h e  number 

kth level ,  n is t h e  t o t a l  

spec ie s  number dens i ty  and 3 the p a r t i t i o n  func t ion ,  A 

c o e f f i c i e n t  f o r  spontaneous emission and g f 

t h e  E ins t e in  
i j  

t h e  “absorption o s c i l l a t o r  
j i  
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s t rength"  r e l a t e d  t o  i t ,  e is the  e l ec t ron  charge, h Planck's constant  

and a t h e  ex ten t  of t h e  l i g h t  source along t h e  l i n e  of s igh t .  

It is  a w e l l  known coro l la ry  of Equation (1) t h a t  t h e  temperature T 

descr ib ing  a given d i s t r i b u t i o n  of l e v e l  populations can be measured by 

p l o t t i n g  log ( I r A  /gfr)  ~8 Ei, where r denotes r e l a t i v e  i n t e n s i t y  or 

gf-value. 

a s t r a i g h t  line; i.e., f o r  E i n  e lectron-vol ts ,  

3 

I n  such a p l o t ,  T appears as t h e  nega t ive  inverse s lope  of 

For aerodynamics exper iments ,  trace amounts of salts  o r  metallo-organic 

compounds added t o  t h e  flow stream can g ive  rise t o  o p t i c a l l y  t h i n  

l i n e s  of elements no t  usua l ly  present ,  and t h e  experimenter has a t  h i s  

d i sposa l  a powerful thermometric tool .  

j u s t  about t h e  metals between t i tanium and n i cke l ,  t h e  temperature 

range from 2000 t o  10,000'K is c e r t a i n l y  open t o  t h i s  technique, and 

i t  is from such measurements t ha t  much has been learned about t h e  

atmospheres of t h e  sun and other  stars. 

Considering what is now known 

It is lese widely appreciated that t h e  use  of an erroneous tempera- 

t u r e  i n  t h e  o r i g i n a l  gf-value determination l e a d s  f i r s t  t o  an erroneous 

set of values  gf' and then t o  ser ious  temperature e r r o r s  i n  subsequent 

determinat ions based on t h e  set gf'. 

temperature Ti i n s t ead  of t h e  t r u e  va lue  TA i n  reducing l i n e  i n t e n s i t i e s  

t o  l i n e  s t r eng ths ,  then h i s  results are 

If  experimenter A employs a 
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Therefore  experimenter B is l a t e r  l e d  t o  s t r a i g h t - l i n e  p l o t s  of t h e  

type  mentioned above, bu t  t h e  temperature T' so derived and h i s  a c t u a l  B 

temperature TB d i f f e r  according to  

1 1 1 1 
1 7  I -  -T - -  

TA TA TB TB 
. (4) 

(e.g., 2000 ~8 2500 + 5000 v s  10,000) - 
As an example of  t h i s  type o f  d i f f i c u l t y ,  w e  i l l u s t r a t e  i n  Figure 3 

both an e a r l y  a t tempt  (13) a t  shock tube  temperature measurement using 

C r  I l i n e s  and t h e  l a te r  i n t e r p r e t a t i o n  made poss ib l e  by remeasure- 

ments ( 8 )  (14) of t h e  C r  I gf-values. 

l e v e l s  had t o  be  reduced r e l a t i v e  t o  t h e  lower l eve l s .  With t h e  co r rec t  

r e l a t i v e  scale, w e  indeed f i n d  an e x c i t a t i o n  temperature nea r  9200'K 

which i s  c l o s e  t o  t h e  expected shock tube temperature  of 9300'K. 

The o l d  values  f o r  higher  l y ing  

With 

t h e  o l d e r  scale of H i l l  and King(15), one would be' l e f t  t o  expla in  a 

s t r i k i n g l y  lower e x c i t a t i o n  temperature of 5200'K. 

be l i eve ,  t o  a small temperature e r r o r  i n  t h e  furnace  measurements having 

propagated, as explained above, i n t o  t h e  l a r g e  e f f e c t  w e  see here. 

This  is due, w e  

That t h e  previous r e l a t i v e  scale f o r  C r  I probably contained a 

s t rong  temperature e f f e c t  was pointed out  by Goldberg, Miller, and 

Aller(16) and o t h e r s  from intensities i n  t h e  sun ' s  Fraunhofer spectrum. 

Our shock tube  r e s u l t s ( 8 )  to t h i s  e f f e c t  were bu t t r e s sed  by Chara t i s '  
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measurements of l i n e  r e v e r s a l  temperature"), and were confirmed by 

t h e  arc r e s u l t s  of Corliss and B o ~ m d ~ ~ ) ,  and by t h e  demonstration of 

Mcller and Mutschlecner t h a t  the  newer scale f o r  C r  I makes sense 

f o r  t h e  s o l a r  atmosphere (17) . 
Because of continuing i n t e r e s t  and d iscuss ion  on chromium spectra, 

w e  are reassess ing  our  o lder  work, i n  so f a r  as t h i s  is  poss ib le ,  and 

Chara t i s  is preparing f o r  new absolute  measurements. An important 

component of both programs ia Koopman's developmeht of computer methods (18) 

f o r  d e t a i l e d  c a l c u l a t i o n s  of ion iza t ion  and level population. The f i r s t  

conclusion has been t h a t  our  p r i o r  hand ca l cu la t ions  of n e u t r a l  chromium 

abundance i n  var ious  exc i ted  s t a t e s  were accura te ly  performed, as i s  

indica ted  i n  Figure 4 f o r  various energy levels t y p i c a l  of C r  I. Since 

t h e  Hugoniot-calculated temperatures agree  between t h e  o l d  and new methods, 

and since these  temperatures were experimentally checked i n  a few cases , 
w e  have as y e t  unearthed no reason t o  doubt t h e  gf-values(8) w e  measured 

f o r  C r  I and Cr 11. These are shown i n  Figure 5 by comparison with t h e  

r e s u l t s  of Cor l i s s  and Bo2man for  t h e  same l i n e s .  Our absolu te  r e s u l t s  

f o r  C r  I are wi th in  a f a c t o r  of two of t h e  sum r u l e  for 4 s  - 4p t r a n s i -  

(19) t ions(16) .  

a t  Harvard tends a l s o  t o  support t h e  relative scale of Corliss and 

Bopnan, but  t h a t  Huber's absolu te  scale is d i f f e r e n t .  

seems that t h e  abso lu te  gf-value scale f o r  C r  I may indeed s t i l l  be 

unse t t l ed ,  bu t  t h e  relative sca l e  i s  now s u f f i c i e n t l y  more r e l i a b l e  than 

i t  used t o  be  t h a t  i t  s u f f i c e s  f o r  5% temperature measurements near  

10,00O0K. 

(9) 

We understand t h a t  u l t r a v i o l e t  shock tube work by Huber 

To summarize, i t  
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4. Absolute Line Strengths .  Ef fec t  of Temperature Errors.  Avoidance 
by “Thermal Balancin.”  

We determine abso lu te  l i n e  s t r e n g t h s  in a v a r i e t y  of ways. Con- 

cep tua l ly ,  t h e  s imples t  is t o  c a l i b r a t e  pho toe lec t r i c  d e t e c t o r s  and 

f i l m s  abso lu te ly  over  t h e  necessary ranges of wavelength and i n t e n s i t y .  

This  is now standard f a r e  f o r  shock tube  spec t roscopic  work, which is 

not t o  say,  however, t h a t  it is easy  o r  foolproof.  As an example of 

procedure l e t  us  assume t h a t  we measure the  t o t a l  energy I 

o p t i c a l l y  t h i n  carbon l i n e ,  such as t h e  3s - 4p t r a n s i t i o n  C I X 5052,  

by comparison wi th  a s tandard  r ad ia t ion  source  such as t h e  carbon arc. 

By t h e  equat ion 

i n  an 
C 

Nc hv $ 
AC 

w e  must determine Ac from knowledge of N t h e  upper l e v e l  population. 
C’ 

Carbon abundance i n  the  appropr ia te  level  follows from our  

‘knowiedge of t h e  gas coii~posftion plue state meaauremmts; e,g., t rans-  

ducer measurements of t o t a l  p ressure  and l i ne - r eve r sa l  measurements of 

temperature. 

equat ions  because of t h e  g rea t e r  s e n s i t i v i t y  t o  temperature e r r o r s  

wi th  t h e  l i g h t e r  elements. Again, computer codes have proven extremely 

u s e f u l  f o r  accu ra t e  ca l cu la t ions  of many c lose ly  spaced thermodynamic 

states. 

populat ions wi th  temperature fo r  a number or observed l i n e s .  

t h i s  is f o r  a p a r t i c u l a r  pressure  and gas  composition.) 

We do n o t  r e l y ,  as once waa necessary,  on t h e  Hugoniot 

I n  Figure 6 ,  w e  show t h e  ca l cu la t ed  v a r i a t i o n s  of upper s ta te  

(Note t h a t  
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Taking a temperature range 400 degrees on e i t h e r  s i d e  of 10,400°K, 

t h e  number dens i ty  appropr ia te  t o  C I X 5052 swings over a f a c t o r  of 

2. This is a common amount of temperature uncer ta in ty  i n  t h i s  range 

and suggests  a t  least a random e r r o r  of order  40% i n  t h e  f i n a l  Einstein 

coe f f i c i en t .  

enough t h a t  one type of temperature measurement has  had t o  s u f f i c e ;  

i.e., t h e  experimenter uses  a complement of measurements j u s t  l a r g e  

enough t o  determine a l l  unknowns. Over a given set of experiments, 

t h e  p a r t i c u l a r  method of thermometry employed w i l l  tend t o  err on 

one s i d e  o r  t h e  o the r  of t h e  t rue  value,  while  care i n  measurement may 

l ead  t o  good r ep roduc ib i l i t y  and small scatter of r e s u l t s .  

t h e  accumulated l i t e r a t u r e  on atomic t r a n s i t i o n  p r o b a b i l i t i e s  conta ins  

many p r e c i s e  values ,  and far fewer accura t e  ones t o  judge by discrep-  

anc ie s  t y p i c a l l y  running between 3 and 10. 

such d iscrepancies  on subsequent ana lys i s  of s te l lar  o r  plasma spec t r a  

can be small, in some abundance determinat ions,  o r  very l a r g e  as w e  

have i l l u s t r a t e d  i n  t h e  foregoing discussion of temperature measurements 

by relative l ine i n t e n s i t i e s .  

Moreover, most experiments have proven t o  be d i f f i c u l t  

Hence, 

I n  turn ,  t h e  e f f e c t s  of 

Figure 6 ohowe a l s o  the  much more s e n s i t i v e  temperature dependence 

of t h e  upper l e v e l  populat ion f o r  t h e  5852 neon l i n e ,  which is due t o  

t h e  g r e a t e r  e x c i t a t i o n  p o t e n t i a l  of t h e  level. 

shown t o  fol low from t h e  Boltzmann f a c t o r  e i  

By logar i thmic  d i f f e r e n t i a t i o n ,  

Generally t h i s  is e a s i l y  

-E /kT i n  t h e  l e v e l  population. 

dT 

kT T 
mi * 3 Ei . - 
Ni 
- , 
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which t e l l s  us t h a t  a percentage temperature change (or uncer ta in ty)  

is mul t ip l i ed  by a l a r g e  f ac to r  (of order  10  i n  most of our cases)  

which makes a s e r i o u s  percentage e f f e c t  on l e v e l  population. 

Now, how can t h i s  be overcome? One might propose seve ra l  independent 

measuremento of t h e  condi t ions i n  t h e  shock tube, arc, flame, furnace 

o r  whatever source is being used. 

abso lu t e  pressure,  temperatures y& s p e c t r a l  l i n e  reversa l ,  abso lu te  

hydrogen l i n e  i n t e n s i t y ,  and absolute  neon l ine i n t e n s i t y ,  p lus  e lec t ron  

dens i ty  from hydrogen l i n e  prof i les .  

We have done t h i s  by measuring 

The f r u i t s  of t hese  extensive 

l a b o r s  have been pr imar i ly  a demonstration of agreement t o  5% o r  better (24) 

i n  most of t h e  q u a n t i t i e s  of interest - plus  a confusion as t o  which 

method or methods was i n t r i n s i c a l l y  more r e l i a b l e ,  and what s o r t  of 

averaged r e s u l t  f o r  l i n e  s t rength  was t h e  most s u i t a b l e  and f r e e  of 

syotematic  e r ro r .  

t h e  result. of independent measuremento, a f t e r  mentioning another  

approach which is r n n e t h e s  iioeful. 

We w i l l  go f u r t h e r  i n t o  t h e  quest ion of averaging 

The r i g h t  hand s i d e  of Figure 6 shows r a t i o s  of upper level 

populat ions f o r  var ious  l i n e s  w e  are in t e reo ted  in .  

f o r  example, i l l u s t r a t e s  t h e  greater temperature s e n s i t i v i t y  of t h e  

n - 4 level of hydrogen (E = 12.69eV) dominating t h e  temperature 

effect i n  t h e  upper l e v e l  of t h i s  n e u t r a l  sulphur  l i n e  (E - 9.12eV). 

a l i n e  of ionized sulphur  however, w e  have n e a r l y  t h e  same temperature 

dependence as f o r  t h e  l ine  N e 1  X 5852; presuming t h e  s t r eng th  of t h e  

l a t te r  t o  be known, c l e a r l y  one could measure t h e  absolu te  s t r eng th  of 

S I1 X 5453 with very l i t t l e  e r r o r  introduced by temperature unce r t a in t i e s .  

The uppermost curve, 

For 
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Doherty took advantage of such t r ans - spec ie s  similarities (0 I v s  H I) - 
i n  h i s  pioneering shock tube measurements t e n  years  ago (20) 

Unfortunately such Saha-Boltzmann pa i r ings  between i n t e r e s t i n g  l i n e s  

of unknown s t r eng th  and available l i n e s  of known s t r eng th  are r a t h e r  

rare, and some o t h e r  method of temperature compensation mus t  be sought. 

It is i n  t h e  equal-and-oppositeness of t h e  curves f o r  C I X 5052 

/N ( r i g h t  s ide )  t h a t  M r .  Miller 5052 C I H8 ( l e f t  s i d e  of Figure 6 )  and N 

s a w  a method of temperature compensation which now promises t o  be 

very genera l  and useful .  

technique is i n  preparation(21); t h e  method is being appl ied t o  many 

l i n e  s t r e n g t h  measurements in our labora tory(22)  

h e r e  only t h e  case mentioned above and t h e  r e s u l t i n g  l i n e  s t r e n g t h  f o r  

C I X 5052. 

A f u l l  account of t h e  "thermal balancing" 

We w i l l  consider  

I n  t h e  upper p a r t  of Figure 7, w e  select t h e  two thermal p rope r t i e s  

of  i n t e r e s t  f o r  t h e  remainder of our  discussion,  namely t h e  r ec ip roca l  

number dens i ty  of carbon atoms i n  t h e  upper level of C I X 5052 and t h e  

inve r se  of t h e  populat ion ratio between t h i s  l i n e  and t h e  H l i n e  of B 

hydrogen. These are needed for  two methods: 

(1) I f  t h e  abso lu te  i n t e n s i t y  IC f o r  t h e  carbon l i n e  is measured, 

t h e  t r a n s i t i o n  probabi l i ty  Ac (') follows d i r e c t l y  from l / N c  

as ind ica t ed  by t h e  equation on t h e  lower l e f t  of t h e  f igure.  

I f  t h e  i n t e n s i t y  r a t i o  Ic/IH (carbon t o  hydrogen) is measured, 

t h e  carbon t r a n s i t i o n  p r o b a b i l i t y  Ac (2' fol lows from t h e  known 

value f o r  hydrogen and t h e  equat ion i n  t h e  lower r i g h t  s i d e  

of Figure 7. 

(2) 
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Of course these  two independent measurements and methods would y i e ld  

t h e  same r e s u l t  if a l l  t h e  i n t e n s i t i e s  were accura te  and the  t r u e  

temperature,  ind ica ted  by t h e  t i c k s  on t h e  curves,  were employed i n  

reducing t h e  i n t e n s i t y  data.  

might be used; t h e  t r a n s i t i o n  p robab i l i t y  r e s u l t s  by both methods are 

shown as func t ions  of assumed temperature in t h e  lower p a r t  of Figure 7, 

where T s tands  f o r  t h e  a c t u a l  temperature of t h e  l i g h t  source.  

one assumes a temperature which is less (or  g r e a t e r )  than T then 

t h e  r e s u l t s  of  method (1) and method (2) are sys temat ica l ly  too  high 

and too low, r e spec t ive ly  (or  t he  reverse). 

t h a t  a very confusing p a t t e r n  of agreement and disagreement between 

t h e  results of d i f f e r e n t  experimenters can r e s u l t  from t h e  use  of 

d i f f e r e n t  methods and t h e  occurence of  d i f f e r e n t  systematic  temperature 

e r r o r s  . 

Suppose ins tead  t h a t  erroneous temperatures 

I f  
0 

0’ 

So f a r  w e  simply confirm 

For p a i r s  of curves having t h e  degree of synrmetry ind ica ted  here,  

an averaging prccedure is nnt nnly reasonable  but gives a s t r i k i n g  

reduct ion  i n  systematic  gf-value e r r o r  even though one’s choice of 

temperature may be q u i t e  imprecise. 

where w e  have normalized t o  the  t r u e  magnitude of t h e  o s c i l l a t o r  

s t rength .  The average curve between these  two methods depends only 

s l i g h t l y  on t h e  aooumed temperature, and genera l ly  l i e s  much c l o s e r  

t o  t h e  t r u e  t r a n s i t i o n  p robab i l i t y  than t h e  r e s u l t  of e i t h e r  method 

used alone. 

gf-value f o r  t h e  carbon l i n e  with very l i t t l e  systematic  e r r o r  simply 

by performing both t h e  absolu te  and hydrogen-relative methods, knowing 

This i o  ind ica t ed  i n  Figure 8, 

To put  i t  another way, t h e  experimenter can measure t h e  
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t h e  temperature only roughly, and averaging t h e  r e s u l t s  of t h e  two 

methods. 

Another experimenter wi th  h i s  l € g h t  source also operat ing near  T 
0 

can make a groaa temperature e r r o r  i n  the o t h e r  d i r e c t i o n ,  bu t  g e t  

n e a r l y  t h e  same reasonably accurate r e s u l t  by averaging t h e  carbon l i n e  

s t r e n g t h s  deduced from t h e  t w o  independent methods described. 

what temperature I s  chosen i n  the range i l l u s t r a t e d  i n  Figure 8, 

t h e  average of t h e  t w o  methods is very c l o s e  t o  t h e  t r u e  A value,  while  

each method by i t s e l f  could give l a r g e  e r r o r s .  

No matter 

Cer ta in  genera l  f e a t u r e s  of thermal balancing should be renarked 

For any given p a i r  of line-to-be measured and comparison l i n e ,  upon. 

there is a b e s t  opera t ing  temperature T 

hae a small s l o p e  over  the widest  range of assumed temperature. 

c l a r i t y  our i l l u s t r a t i o n s  above have been made i n  t h e  v i c i n i t y  of t h e  

optimum To, but  t h e  method can s tand  depar tures  on e i t h e r  s i d e  of T 

by iOOO*K and st i i i  g i v e  eha lhw zvemge=A curvea--which is t o  say one 

is s t i l l  much b e t t e r  o f f  by averaging than  not. 

ba lance  destroyed by d i f f e r e n t  choices  of number dens i ty .  

average-A curves s h a r e  the convex-upward proper ty  of t h e  parent  curves;  

t h u s  the average curve is below t h e  t r u e  va lue  only over a small 

temperature range. 

errors encountered in thermal balancing to  t h e  high side of t h e  t r u e  

value. 

a v a r i e t y  of assumed temperature e r r o r s  are c h a r a c t e r i s t i c a l l y  near  

zero j u s t  below t h e  t r u e  A-value and f a l l  o f  quasiexponent ia l ly  above 

for which t h e  average curve 

For 
0 

0 

Neither  is t h e  thermal 

Las t ly ,  t h e  

This has the  e f f e c t  of concent ra t ing  those A-value 

(Di s t r ibu t ions  of A-value r e s u l t s  using s y n t h e t i c  d a t a  and 
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it.) 

by t h i s  method. 

So i t  is very hard t o  underestimate t r a n s i t i o n  p r o b a b i l i t i e s  

Of course,  no amount of juggling can co r rec t  a mis-measurement of 

l i n e  i n t e n s i t y ,  f o r  example, so one is  s t i l l  l e f t  with e r r o r s  of t h i s  

type. 

descr ibed and, in any event,  lead only t o  linear r a t h e r  than exponential  

e r r o r s ,  

so t h a t  t h e  idea l i zed  d i s t r i b u t i o n s  of r e s u l t s  from s y n t h e t i c  da t a  are 

made somewhat fuzzy. I n  Figure 9 w e  show a recent  set of r e s u l t s  f o r  

C I X 5052, where t h e  two methods were f i r s t  used sepa ra t e ly  with a 

reversal temperature t h a t  was 3% i n  e r r o r ,  and f i n a l l y  where t h e  set 

of r e s u l t s  un i ted  by t h e  averaging described above l ead  t o  a va lue  of 

A = (1.55 ' 0 .3 )  x 10 sec , I n  t h e  recent  compendium of Wiese e t  a1 , 
t h i s  va lue  waa l i s t e d  as 1.7 x 10 

b a s i s  of var ious  measurements. 

r e l a t i v e  values  l i s t e d  by Wieee et a1 f o r  t h e  2 I l i n e s  of mii l t iplete  

34-37, so w e  have the re fo re  i n d i r e c t l y  confirmed t h e  l i s t e d  absolu te  

va lues  f o r  them as w e l l ,  

They tend t o  be d i lu t ed  by an averaging process  such as w e  have 

Current ly  our  probable e r r o r s  i n  i n t e n s i t y  are of order  lo%, 

6 -1 (23) 

6 with a 50% probable e r r o r  on t h e  

We had previously v e r i f i e d  (24) t h e  

Other methods f o r  thermal balancing are a l s o  being explored i n  

cont inuing s t u d i e s  of t h e  l i g h t e r  elements. 

5, Conclusion 

The gas-driven shock tube is an extremely use fu l  spectroscopic  

source,  since its condi t ions  a r e  r e a d i l y  var ied  over wider ranges than 

many o t h e r  thermal l i g h t  sources,  and s i n c e  mans  are a v a i l a b l e  for 

discovering and circumventing t h e  e f f e c t s  of temperature e r r o r s  i n  
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thennal sources. The shock tube has made poss ib le  a number of advances 

i n  t h e  knowledge of r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  n e u t r a l  

and s i n g l y  ionized metals and l i g h t e r  elements. This knowledge, i n  

tu rn ,  improves our  understanding of labora tory  and a s t rophys ica l  plasmas. 
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FIGURE CAPTIONS 

Figure 1. Methods o f  Observing Gas behind Reflected Shock Wave. 
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Figure 2, 

Figure 3. 

Figure 4. 

Figure 5 .  

Figure 6. 

Figure  7, 

Figure 8. 

Figure 9. 

Time-resolved emission spectrum, showing carbon, hydrogen 

and sulphur  l i n e s  behind f i r s t  r e f l e c t e d  shook ( top)  and 

subsequent waves. 

Rela t ion  between temperature measurement and r e l i a b i l i t y  

of relative gf-values. 

tube  experimeht where relative i n t e n s i t i e s  of s p e c t r a l  l i n e s  

were measured. 

Comparison of ca lcu la ted  level populat ions f o r  var ious  C r  I 

levels  behind r e f l e c t e d  shocks i n  neon p lus  Cr(C0)6. 

c a l c u l a t i o n s  a n C  computer r e s u l t s  agree  wi th  temperatures 

checked by l ine- reversa l  experiments. 

Comparison of absolute  gf-values f o r  C r  I observed i n  shock 

tube  (Charatis-Wlkerson) and arc (Corl iss-  Bozman) . 
Calculated thermal states f o r  a p a r t i c u l a r  gas  mixture,  

showing s t rong  temperature dependence of l e v e l  populat ions,  

and o v a r i e t y  of t a ipe ra t i i i e  dependences of population r a t i o s .  

Dependence on assumed temperature of t r a n s i t i o n  p robab i l i t y  

f o r  C I X 5052, f o r  two methods of measurement. 

Curves completing the impl ica t ion  of Figure 7,  namely t h a t  

t h e  average of  t h e  two methods is very c l o s e  t o  t r u e  t r a n s i t i o n  

p r o b a b i l i t y  f o r  a wide range of assumed temperature. 

Experimental t r a n s i t i o n  p r o b a b i l i t i e s  f o r  C I X 5052, reduced 

by abso lu te  emission and hydrogen-relative methods alone,  

and then by thermal balancing. 

wi th  d i s t r i b u t i o n s  of r e s u l t s  prev ious ly  ca l cu la t ed  from 

s y n t h e t i c  data .  

E f fec t  is shown f o r  a p a r t i c u l a r  shock 

Hand 

Resul t  chosen by comparison 
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